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INTRODUCTION 

Goals o f  part iculate research a t  t h e  Grand Forks  Energy Technology Center 
(GFETC) include detailed characterization o f  f ly  ash w i th  respect t o  those proper -  
t ies which relate t o  cont ro lab i l i t y  as well as possible environmental hazards o f  emis- 
sions. The  focus i s  en t i re ly  on low- rank  western and Gulf  Province coals, whose 
propert ies are d is t inc t l y  d i f f e ren t  from those o f  eastern coals. Typ ica l l y  t he  wes- 
t e r n  coals have h igh  moisture, low su l fu r ,  and large var iat ions in the  d i s t r i bu t i on  
of inorganic constituents. 

Beulah, a Nor th  Dakota l igni te,  was used in t h e  combustion tests o f  p r imary  
in te res t  t o  th i s  paper.  Th is  l ign i te  i s  ex t raord inar i l y  var iable in i t s  inorganic con- 
st i tuents.  For example, t h e  sodium content can have a tenfold var iat ion w i th in  a 
few hundred meters in a single seam (1). T h e  specific Beulah l ign i te  used was 
selected f o r  i t s  h i g h  sodium content.  

The f l y  ash was generated f o r  t h i s  research us ing  t h e  GFETC Particulate Tes t  
Combuster (PTC), i l l us t ra ted  in t h e  schematic in F igure  1. Th is  unit i s  an axial ly-  
f i r ed  pulver ized coal combustor w i th  a nominal consumption of 34 k g  coal /hr .  T h e  
unit i s  designed t o  generate ash character ist ic o f  t h a t  produced w i th  similar fuel  in 
a fu l l -s ized utility boi ler .  Ax ia l  f i r i n g  maximizes the  f ly ash/(bottom ash + slag) 
rat io.  The  fly ash samples f o r  analysis were collected a t  t h e  in le t  t o  the  baghouse 
w i th  two devices, a f ive-stage multicyclone and a source assessment sampling system 
(SASS). The f lues are  equipped w i th  heat exchangers permi t t ing  de l i very  o f  f l ue  
gas t o  the  chosen control  device at  temperatures f rom -10Oo to  390OC. Dur ing  these 
tests, t he  PTC was equipped w i th  an experimental baghouse because o f  on-going 
fabr ic  f i l t e r  research at  GFETC. T h e  PTC instrumentat ion permits measurement o f  
f lue gas condition such as temperature and concentrations of SO2,  NOx, 0 2 ,  and 

The  coal and fly ash were characterized b y  several analytical techniques. The 
inorganics of the  coal were examined b y  an ex t rac t ion  technique which selectively 
removes the  inorganics depending upon t h e i r  association in the  coal (2). Low tem- 
pera ture  ashing w i th  subsequent x - r a y  d i f f rac t ion  was used t o  i den t i f y  t he  mineral 
phases of t he  coal. T h e  f ly  ash was examined and analyzed by scanning electron 
microscope/microprobe, Electron Spectroscopy f o r  Chemical Analysis (ESCA), x - ray  
d i f f rac t ion  and x - r a y  fluorescence. 

cop. 

COAL CHARACTERISTICS 

The inorganics associated w i th  the  Beulah l ign i te  consist o f  a complex mix tu re  
of cations bound t o  the  humic acid groups, possible chelates o r  coordination com- 
plexes, minerals formed d u r i n g  coalification, and minerals accumulated d u r i n g  de- 
position. Trad i t ionar  and non-tradi t ional  methods were used t o  examine the  coal char- 
acteristics. The  tradi t ional  analysis o f  t h e  l ign i te  i s  summarized in Table 1 which 
l is ts the  ultimate analysis, moisture, heat ing value, and major element ash analysis. 

One of t h e  two "non-tradi t ional  methods" used i s  low-temperature ashing in  an 
oxygen plasma a t  15OOC w i th  x - r a y  d i f f rac t ion  analysis t o  determine the  crystal ine 
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phases in t h e  ash. T h e  phases ident i f ied include SiO2 (quar tz ) ,  FeS2 (pyr i te) ,  
kaolinite, and CaCO, (calcite). The  second method involves a procedure which 
selectively removes inorganics (2).  The  ion-exchangeable cations and soluble salts 
are removed with 1 M  ammonium acetate. The coal i s  then extracted w i th  1M hydro- 
chlor ic acid t o  remove chelated species, acid decomposible minerals such as carbon- 
ates, and oxides. The  inorganics remaining in t h e  coal can include FeS2, organ- 
ical ly bound su l fu r ,  quar tz ,  and clay minerals. T h e  elements found  t o  be  extracted 
w i th  ammonium acetate a re  Na (100% o f  t h e  total  Na content), Mg (88%), Ca (41%), 
and K (57%). The  elements removed b y  HCI are Mg  (20%), AI (61%), Ca (50%) and 
Fe (30%). The elements which remain are  Si (loo%), Fe (70%), AI (40%), and S 
(100%). Table 2 summarizes a s tudy  o f  t h e  inorganic const i tuents in Beulah l igni te 
and the  geologic formation it is  f ound  in. 

TABLE 1. TYPICAL COAL AND COAL ASH ANALYSIS OF BEULAH, N .D .  LIGNITE 

Ultimate Analysis, as Fired 

Carbon 46.29% 
Hydrogen 5.29 
Nitrogen .62 
Su l fu r  .99 
Ash 8.2 
Moisture 27.2 
Heating value 17,460 J /g  

(7512 Btu / lb )  

Coal Ash Analysis, Percent 

S i02  22.3 
A1203 11.7 
Fe203 9.8 

CaO 15.7 
T i 0 2  0.9 

MgO 5.3 
Na20 9.9 
K 2 0  0.7 
503  23.0 

ASH SAMPLING 

F ly  ash i s  sampled isokinet ical ly in  th ree  ways in the  PTC: 1) Using a modified 
U.S.  EPA "method 5" (3) d u s t  loading f i l te rs ;  2) b y  collection in a Southern Re- 
search Inst i tute* 5-stage mult icyclone which simultaneously samples isokinet ical ly 
and size fractionates t h e  ash (4,5); 3) by collection in a three-stage cyclone module 
o f  an  Acurex* Source Assessment sampling system o r  "SASS-Train" (6,7). Nominal 
aerodynamic size ranges f o r  t he  mult icyclone and the  SASS-Train, at  t h e  stated flow 
rates, appear in Table 3. Nominal size ranges, expressed as aerodynamic diameters 
in pm are  those corresponding t o  actual  f low rates employed. T h e  f i gu res  represent 
t h e  mass median diameters (D50) o r  " c u t  points", o f  the  size d i s t r i bu t i on  en ter ing  
o r  leaving t h e  stage. 

Un ivers i ty  of Washington Mark  I l l *  cascade impactors were used to  more pre-  
c isely determine par t i c le  size d i s t r i bu t i on  (7). T h e  cumulative par t i c le  size d i s t r i bu -  
t ion, expressed in aerodynamic diameters, appears in Figure 2. Th is  data i s  used 
on ly  f o r  comparison. The  b u l k  o f  t h e  character izat ion work  was done on the  mult i -  
cyclone and SASS Tra in  samples because t h e  masses o f  part ic les collected by the  
impactor are v e r y  small and inadequate f o r  analysis. 

*Reference to specific b rand names and models i s  done to  faci l i tate unders tand ing  
and ne i ther  const i tutes n o r  implies endorsement by t h e  Department o f  Energy.  
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TABLE 2. INORGANIC CONSTITUENTS IN BEULAH 
LIGNITE AND SENTINEL BUTTE FORMATION (2) 

Beulah L ign i te  Sentinel Bu t te  Formation 

Constituent Whole Coal S ink  Fraction Overburden L ign i te  Underclay 

Alkal i  feldspars 
Augi te 
Baru te  
Biot i te 
Calcite/dolomite 
Chlor i te 
Galena 
Gypsum 
Hematite 
Hornblende 
I l l i te  
Kaolinte 
Magnetite 
Montmori I lonite 
Muscovite 
Plagioclase 
Pyr i te  
Quartz 
Rut i le 
Volcanic glass 

xxx 

X 
X 
X 

X 

xxx 
xxx 

X 

X 

xxx 
xxx 

X 

xx 

xx 
X 

X 

X 
xxx 
xxx 

xx 

X 
xx 
xx 

X 
xx 
xx 

xxx 

xxx 

xxx 

X 

X 

X X 
X 
X 

X 
X 

xxx 
xx 

X X 
xxx xxx 

X xxx 

X X 

xxx xxx 
xx 

XXX Abundant 
XX Common 
X Minor 

TABLE 3. AERODYNAMIC SIZE RANGES (UPPER AND LOWER D50 CUT POINTS) AND 
SAMPLE FLOW RATES OF GFETC'S ASH SAMPLING EQUIPMENT 

~ ~~~~ 

Southern Research Ins t i tu te  Acurex/Aerotherm 
Instrument Multicyclone SASS Train* 

Flow ra te  employed 9.36 113.2 
STD I/min 

Stage No. 1 2 3 4 5 1 2 3  

Nominal size range >10.3 10.3-5.6 5.6-4.15 4.15-1.9 1.9-1.55 >IO 10-3 3-1 
(upper and lower 
D50) rpm 

RESULTS AND DISCUSSION 

F ly  ash samples were collected by the  SASS T r a i n  t o  p rov ide  larger masses b u t  
only 3 size cu ts  f o r  x - r a y  fluorescence (XRF) and x - r a y  d i f f rac t ions  (XRD) .  The 
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elemental t rends  determined by XRF analysis show increasing concentration O f  Na20 
and SO, and decreasing Si02, CaO, Fe203, and MgO w i th  decreasing part ic le size. 
Very l i t t l e  change was no ted  f o r  A1203 o r  the  minor elements (Ti02, KzO., and 
Pz05) .  These relat ionships a r e  i l l us t ra ted  graphical ly in Figure 3. X - ray  dl f f rac- 
tion was used t o  ident i f y  t h e  crystal l ine species in each size f ract ion.  The  trends 
show t h e  fol lowing relat ionships.  

1 .  Na2S04, Na2Ca(S04)2 are  present  in the  smaller size fractions. 
2. Si02, CaO noted in la rger  size f ract ions and no t  in smaller size frac- 

t ions.  Fe3O4-MgFe2O4-Mg0 phases decrease from la rger  t o  smaller 
size f ract ions.  

3.  Possible AI2SiO5 and K 2 S 0 4  phases noted in smallest size fractions. 

These two  b u l k  part ic le character izat ion methods show the  t rends  of the  elemental 
d is t r ibu t ion  versus  par t i c le  size and how the  elements are combined. The most in- 
terest ing t r e n d  i s  t he  inc reas ing  amount o f  Na20 and SO3 wi th  decreasing part ic le 
sizes. T h i s  leads to  t h e  part ic le- to-part ic le characterization us ing  the  scanning 
electron microscope/microprobe f o r  var ious sizes o f  part ic les collected w i th  t h e  5- 
stage multicyclone. 

The scanning electron microscope (SEM) equipped w i th  an energy dispersive 
x - ray  analyzer was used t o  image and analyze part ic les down t o  -1pm in size. The 
particles were selected a t  random f o r  analysis by us ing  a g r i d  over lay of points 
generated by random numbers on  the  SEM photomicrograph. A typ ica l  SEM pl;oto- 
micrograph is shown in F igure  4. One hundred  part ic les fo r  each stage were ana- 
lyzed, determining 10 elements p e r  part ic le,  and sized. A l l  data was entered i n to  a 
computing system f o r  correlat ion analysis. 

The average par t i c le  size determined f rom t h e  SEM photomicrographs fo r  each 
stage are l is ted in Table 4. Tab le  4 also l i s ts  the  Na20 and SO3 concentration 
averages f o r  all f i v e  stages along w i th  t h e  ra t io  o f  Na20 t o  SO3. The  concentra- 
t ions of NazO and SO3 increase as part ic le decreases and the  ra t io  of Na20 t o  SO3 
is v e r y  close to  t h a t  o f  p u r e  Na2S04 f o r  stages 1, 3, and 4. The  part ic les collect- 
ed in stage 5 are n o t  consistent w i t h  the  o ther  stages in particle-size o r  in the  ra t io  
o f  NazO t o  SO3. T h e  reasoyf 'for t h e  inconsistence in t h e  rat io could b e  due t o  t h e  
bimodal d is t r ibu t ion  o f  SO3 shown in F igure  5, and also t o  the  presence o f  Na2Ca- 
(SO412 noted b y  XRD in the  small size f rac t ion  o f  t h e  SASS samples. 

The compositional re lat ionships can be represented b y  plots o f  composition v e r -  
sus composition fo r  selected cons t i tuent  pa i rs .  These p lo ts  can be  used t o  ascertain 
the  or ig in  o f  certain species f rom t h e  or ig ina l  mineral  matter o f  the  coal and t h e  
interactions t h a t  have occur red  d u r i n g  combustion. For example, F igure  6 i l lus- 
t ra tes  t h e  compositional p lots f o r  several combinations. F igure  6-1 represents t h e  
p lo t  of A1203 versus  Si02 which reveals a c lus te r  o f  points around a slope of 
approximately 0.8. Minerals hav ing  been ident i f ied  in Beulah (2) include biotite, 
kaolinite, muscovite, and i l l i te,  where the  Al/Si ra t io  i s  in the  range of 0.67-1.0. 
From th i s  it can be suggested t h a t  t h e  alumino-sil icate framework remains in tac t  
a f te r  combustion. T h e  common clay minerals have a range in composition o f  25-45% 
A1203 and  35-50% Si02. Since most o f  t h e  part ic les in F igu re  6-1 contain less than 
these percentages, e i ther  t h e  aluminosilicates somehow became combined w i t h  addi- 
t ional  elements o r  became coated. 

The  plot  of Na20 versus  CaO in F igu re  6-2 shows inverse  relationship which is  
supported b y  t h e  XRF data in F igu re  3. 

In t h e  plots of S i02  versus  SO3 and  A1203 versus  SO3, Figures 6-3 and  6-4, 
t he re  is a c rude negat ive correlat ion between S i02  o r  A1,03 and SO3. Despite con- 
siderable scatter, many o f  t h e  po in ts  l i e  in t h e  region along lines connecting clay 
minerals, a t  0% SO3, w i t h  Na2S04 o r  g lauber i te  a t  0% S i02 .  T h i s  is consistent w i th  
c lay- l ike part ic les becoming coated w i th  Na2S04. 
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TABLE 4. SIZE, SODIUM, AND SULFUR RELATIONSHIPS 
FOR EACH STAGE OF THE MULTICYCLONE 

Weight Average 

Stage Particle Size ,vm Na2 O,% so3 ,% Na20/SOa 

1 5.48 8.60 10.98 0.79 
2 1.99 10.78 12.53 0.86 
3 1.29 13.20 17.02 0.78 
4 1.20 13.98 19.43 0.72 
5 1.38 14.99 23.05 0.65 

Na20/S03 in p u r e  Na2S0, = 0.78 

Surface analysis o f  t he  part ic les was performed u t i l i z ing  ESCA. The  ESCA 
analysis technique analyzes t o  a depth  o f  20 to  30A. A typ ica l  ESCA scan i s  shown 
in F igure  7 fo r  Stage 5 part ic les.  The major const i tuents found on  t h e  surface in- 
clude Ba, 0, Ca, Na, C, s, and Si. T h e  publ ished b ind ing  energies (8) o f  the  
elements detected b y  the  detailed ESCA scans show t h a t  Na, Ca, and Ba are present  
as sulfates. The Na, AI, and Si may be  t ied  u p  as silicates, but detailed b ind ing  
energies f o r  such compounds are  unavailable in the  l i te ra tu re .  

T h e  surfaces o f  t he  part ic les were characterized b y  a sputter-etching technique 
used t o  remove surface layers followed b y  subsequent ESCA analysis. It was found 
tha t  carbon and su l fu r  were concentrated on  t h e  surface of a l l  f i v e  stages o f  t h e  
multicyclone samples. Contamination o f  t he  surface o f  t h e  part ic les can la rge ly  b e  
a t t r ibu ted  to  the high concentrat ion o f  carbon. The  presence o f  sodium was noted 
on t h e  surface o f  t he  la rger  part ic les b u t  in the  smaller size f ract ions ((1.5 pm) the  
sodium concentration was more uni form th roughout  the  dep th  analyzed by spu t te r i ng  
Campbell and others (9) also showed t h a t  Na, S, and C were found on t h e  surface 
o f  ash particles. In all cases, except f o r  Stage 5, Ca, AI, and Si were found  t o  
increase a f te r  spu t te r ing .  

CONCLUSIONS 

The  most s igni f icant t r e n d  noted by all techniques was the  increase o f  sodium 
and su l fu r  w i th  decreasing par t i c le  size. The re la t i ve ly  more volat i le sodium salts 
may sublimate t o  fo rm v e r y  small part ic les o f  p u r e  salt o r  they  may condense on t h e  
surfaces o f  other part ic les such as aluminosilicates or ig ina t ing  f rom clay minerals of 
t h e  coal. The la t te r  i s  suppor ted  by the  resul ts of t h e  SEM data in Figures 6-3 
and 6-4 and the  ESCA resul ts.  These resul ts suppor t  t h e  va l i d i t y  o f  vaporization- 
condensation mechanisms o f  part iculate formation. A summary o f  t he  possible mech- 
anisms o f  part iculate formation a re  descr ibed b y  Damle and others (10). 

The  work  descr ibed here  i s  p a r t  o f  an  ongoing pro jec t  a t  GFETC t o  develop a 
model f o r  ash formation d u r i n g  t h e  combustion o f  low- rank  coals. 
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Figure 1 .  34 k g / h r  Coal Combustion Unit Eiiiployed f o r  Ash Generation 
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Figure 3 .  X-ray Fluorescence Analysis 
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Figure 7. ESCA Scan o f  Stage 5 o f  t he  Multicyclone 
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Figure 4.  Secondary Electron Image of Par t ic les  from Stage  1 
Mu1 t i  cycl one 
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Figure 5. Concentration Population Distribution for  SO3 in Particles 
Collected in Stage 5 of the Multicyclone 
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On the  A p p l i c a t i o n  o f  Complex E q u i l i b r i u m  C a l c u l d t i o n s  t o  the  Study o f  
M ine ra l  M a t t e r  d u r i n g  Coal Combustion 

R. W .  C a r l i n g ,  R. W .  Mar, and A .  S. Nagelberg 

Sandia Na t iona l  L a b o r a t o r i e s  
Livermore, C A  94550 

I n t r o d u c t i o n  

Coal i s  a complex m i x t u r e  o f  o rgan ic  and i n o r g a n i c  m a t e r i a l s .  
i no rgan ic  p o r t i o n ,  t h e  minera l  m a t t e r ,  u s u a l l y  makes up a s i g n i f i c a n t  
p o r t i o n  o f  a c o a l ' s  composi t ion.  The con ten ts  vary  f rom seam-to-seam b u t  
cdn be as h i g h  as 32 we igh t  percent ,  w i t h  an average o f  15 we igh t  
pe rcen t  f o r  Nor th  American coa ls .  M ine ra l  m a t t e r  a c t s  as a d i l u e n t  and 
i s  c l e a r l y  undes i rab le  i n  m in ing  and t r a n s p o r t a t i o n .  It i s  a l s o  t h e  cause 
o f  many problems w i t h i n  a combustor, such as gaseous and p a r t i c u l a t e  
emissions, f o u l i n g ,  s lagg ing ,  co r ros ion ,  and e ros ion .  Wi th  t h e  inc reased 
usage o f  coa l  t o  f u l f i l l  t h e  n a t i o n ' s  and the  w o r l d ' s  energy 
requirements,  h i g h e r  m ine ra l  con ten t  c o a l s  w i l l  p l a y  a more s i g n i f i c a n t  
r o l e  i n  the  f u t u r e .  There fore ,  i t  has become i m p o r t a n t  t o  unders tand 
t h e  behav io r  o f  t he  minera l  m a t t e r  and i t s  consequences i n  coa l  
u t i 1  i z a t i o n  systems. 

I n  t h i s  r e p o r t  we d iscuss  t h e  a p p l i c a t i o n  o f  complex thermochemical 
c a l c u l a t i o n s  t o  t h e  study o f  minera l  m a t t e r  behav io r  d u r i n g  the  
combustion o f  p u l v e r i z e d  c o a l .  I n  p r i n c i p l e ,  one can s p e c i f y  the  
c o n d i t i o n s  o f  combustion (e.g., temperature,  t o t a l  p ressure ,  and oxygen 
p a r t i a l  p ressu re )  and then c a l c u l a t e  t h e  chemical e q u i l i b r i u m  between 
r e a c t i o n s  i n v o l v i n g  a l l  o r  se lec ted  f r a c t i o n s  o f  t h e  elements found i n  a 
coal  p a r t i c l e .  These c a l c u l a t i o n s  may be used t o  p r e d i c t  t h e  ash and 
gaseous species formed d u r i n g  combustion. P r a c t i c a l  problems such as 
submicron f l y  ash fo rmat ion ,  depos i t  f o rma t ion ,  f o u l i n g ,  and c o r r o s i o n  
may be addressed i n  t h i s  manner. An unders tand ing  o f  t he  fo rma t ion  o f  
chemical  species and the  e f f e c t s  o f  changes i n  o p e r a t i n g  parameters and 
system chemis t ry  on s t a b i l i t y  ranges shou ld  a i d  i n  i d e n t i f y i n g  c o n t r o l  
s t r a t e g i e s  t o  combat harmful  species.  B a s i c a l l y ,  one i s  seek ing  t o  
improve and c o n t r o l  the  thermochemical environment o f  t h e  coa l  p a r t i c l e  
by the  proper  s e l e c t i o n  o f  o p e r a t i n g  parameters c o n d i t i o n s  and chemical 
c o n s t i t u e n t s .  

A t  t he  ou tse t ,  one m igh t  ques t i on  the  a p p l i c a t i o n  o f  e q u i l i b r i u m  
c a l c u l a t i o n s  t o  a nonequ i l i b r i um process such as coa l  combustion. There 
migh t  no t  be t i m e  f o r  chemical e q u i l i b r i u m  t o  be a t t a i n e d ,  and t h i s  i s  
p s r t i c u l d r l y  t r u e  where the  r e a c t a n t s  a re  l a r g e  p a r t i c u l a t e s .  
E q u i l i b r i u m  c a l c u l a t i o n s  shou ld  be cons idered dn i m p o r t a n t  f i r s t  step, 
t o  be f o l l o w e d  by an examinat ion  and i n c o r p o r a t i o n  o f  k i n e t i c  aspects.  
That i s ,  educated guesses must be made concern ing  t h e  r e a c t i v i t y  and 
re lease  o f  chemical  c o n s t i t u e n t s  o f  t he  coa l .  K i n e t i c  f a c t o r s  may be 
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i n t roduced  by s p e c i f y i n g  the  chemical s t a t e  o f  t he  c a l c u l a t i o n ,  which 
may d i f f e r  cons ide rab ly  f rom the  t o t a l  coa l  chemis t r y .  Even i f  
e q u i l i b r i u m  c o n d i t i o n s  e x i s t e d ,  u n c e r t a i n t i e s  and v a r i a t i o n s  i n  the  
c a l c u l a t e d  r e s u l t s  may be i n t roduced  by a number o f  f a c t o r s .  
paper we address t h e  impact o f  t h r e e  p o t e n t i a l  sources o f  e r r o r  on 
minera l  m a t t e r  c a l c u l a t i o n s ,  namely: 1 )  e r r o r s  i n  t h e  data, 2 )  
s e l e c t i o n  o f  species,  and 3 )  s o l u t i o n  fo rmat ion .  

I n  t h i s  

COMPLEX EQUILBRIUM CALCULATIONS 

Numerous methods have been r e p o r t e d  f o r  comput ing complex thermodynamic 
e q u i l i b r i a ,  b u t  a l l  methods a r e  based on t h e  methods o f  B r i n k l e y ( 1 - 2 )  
o r  White, Johnson, and D a n t z i g ( 3 ) .  
f o r m u l a t i o n  o f  independent chemical  r e a c t i o n s  and t h e  simultaneous s o l u t i o n  o f  
e q u i l i b r i u m  cons tan t  express ions .  A s u p e r i o r  approach, f i r s t  suggested by 
White e t  a1 . (3 ) ,  i n v o l v e s  t h e  computa t ion  of t he  compos i t ion  t h a t  
min imizes  the  Gibbs f r e e  energy o f  t he  system. 

A number o f  independent computer programs t o  c a l c u l a t e  complex 
e q u i l i b r i a  by f r e e  energy m i n i m i z a t i o n  have been developed over  t h e  
yea rs (4 -7 ) .  P. major s tep  f o r w a r d  was taken by Er ickson(8-10)  i n  h i s  
development o f  codes c a l l e d  SOLGAS and SOLGASMIX. These codes a r e  
capable o f  hand1 i n g  systems c o n t a i n i n g  mu1 t i p l e  condensed phases, i d e a l  
and non idea l  s o l u t i o n s ,  and m i x t u r e s  a t  cons tan t  t o t a l  p ressure  and 
temperature.  Bessman(l1) m o d i f i e d  SOLGASMIX t o  hand le  the  a d d i t i o n a l  
case o f  e q u i l i b r i a  a t  cons tan t  gas volume and v a r i a b l e  pressure;  h i s  
ve rs ion  i s  c a l l e d  SOLGASMIX-PV. 
SOLGASMIX-PV and i n t e r f a c e d  i t  w i t h  CHEMKIN(13) t h a t  a l l ows  users  a t  
Sandia N a t i o n a l  L a b o r a t o r i e s  t o  share t h e  v a s t  thermochemical da ta  base 
a l ready  a v a i l a b l e  a t  Sandia. 

Whi le the  e q u i l i b r i u m  s t a t e  o f  a complex chemical  system i s  unique, t he re  
i s  no guarantee t h a t  a l l  f r e e  energy m i n i m i z a t i o n  codes w i l l  p rov ide  
t h e  same answer. The Gibbs f r e e  energy su r face  may i n  f a c t  c o n s i s t  o f  a 
number o f  l o c a l  minima; thus ,  a f r e e  energy m i n i m i z a t i o n  r o u t i n e  cou ld  
i s o l a t e  on a l o c a l  minimum r a t h e r  than the  grand minimum. D i f f e r e n t  
numerical  a lgo r i t hms  and convergence c r i t e r i a  se lec ted  f o r  t h e  i t e r a t i v e  
methods o f  f r e e  energy m i n i m i z a t i o n  ahd d i f f e r e n t  programming s t r u c t u r e s  
may a lso  l e a d  t o  c o n f l i c t i n g  r e s u l t s .  Fo r  example, M i n k o f f ,  Land, and 
B l a n d e r ( l 4 )  have shown t h e  NASA CEC code(4)  t o  be incapab le  o f  converg ing  
on a s o l u t i o n  when minor amounts o f  condensed phases are  p resen t  i n  
d e l i c a t e  balance. By u s i n g  a p r i m a l  geometr ic programming approach, 
Minkof f  e t  a1 . (14 )  were a b l e  t o  e l i m i n a t e  convergence problems. Another 
cause o f  i n a c c u r a t e  r e s u l t s ,  perhaps t h e  most obvious, i s  erroneous 
thermochemical da ta  o r  poor da ta  r e p r e s e n t a t i o n  ( cu rve  f i t t i n g  o f  t he  
da ta ) .  

A semian th rac i te  coa l  compos i t i on  ob ta ined  f rom t h e  Penn S i a t e  Cod1 Data 
Base (PSOC #627) was used i n  t h i s  study. The chemical  compos i t ion  o f  
t he  coa l  i s  shown i n  Table I .  A c a l c u l a t i o n  was c a r r i e d  o u t  i n  which 
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t h i s  coa l  was reac ted  w i t h  20 pe rcen t  excess oxygen a t  a p ressure  o f  one 
atmosphere over a temperature range o f  1000 t o  2000 K .  
cons idered i n  the  c a l c u l a t i o n  a re  g i ven  i n  Table 11. Thermochemicdl da ta  
f o r  these species were taken from JANAF(15). The sod ium-conta in ing  
species p r e d i c t e d  t o  f o r m  i n  the  gas phase d u r i n g  combust ion a re  shown 
i n  F i g u r e  1. The major species were NaC1, NaOH, and Na, w i t h  NaOH 
dominat ing  a t  h i g h  temperatures.  
l e s s e r  concen t ra t i ons  w i t h  a maximum peak a t  1400 K .  The condensed 
phases p r e d i c t e d  t o  be p resen t  a re  shown i n  F i g u r e  2. 
condensed-phase species formed was S i02  a t  a l l  temperatures.  Below 
1400 K ,  2 mole Percent  Na2SO was observed as the  o n l y  o t h e r  
phase. 
(Na2Si205). 

The purpose o f  t h e  c a l c u l a t i o n s  desc r ibed  above i s  n o t  t o  i d e n t i f y  ash 
fo rma t ion  and depos i t  f o rma t ion  mechanisms; r a t h e r ,  we w i l l  use t h e  
r e s u l t s  i n  F igu res  1 and 2 as a b a s e l i n e  f rom which we w i l l  i l l u s t r a t e  
t h e  e f f e c t s  o f  e r r o r s  i n  the  data,  t h e  number o f  species cons idered i n  
t h e  c a l c u l a t i o n ,  and s o l u t i o n  e f f e c t s .  

The spec ies  

Na2s04 i s  p r e d i c t e d  t o  form i n  

The p r i n c i p l e  

Above 1400 K ,  t h e  s u l f a t e  was rep laced  by sodium s i l i c a t e  

EFFECTS OF V A R I O U S  CALCULATIONAL FACTORS 

E r r o r s  i n  =Thermochemical Data 

The q u a l i t y  o f  the  thermochemical da ta  used i n  c a l c u l a t i o n s  a r e  o f t e n  
n o t  eva lua ted  when computat ional  codes a re  used. Our ie ,  M i lne ,  and 
S m i t h ( l 6 )  i n  t h e i r  study o f  s a l t  d e p o s i t i o n  f rom hydrocarbon flames, 
showed a change o f  o n l y  a few kca l /mo l  i n  t h e  f r e e  energy o f  f o rma t ion  
o f  a species r e s u l t e d  i n  a s i g n i f i c a n t  rearrangement i n  t h e  r e l a t i v e  
p r o p o r t i o n s  o f  depos i ted  phases. However, one cannot  g e n e r a l i z e  D u r i e ' s  
observa t ions  because the  e f f e c t  o f  a change i n  t h e  f r e e  energy w i l l  va ry  
f rom s i t u a t i o n  t o  s i t u a t i o n ,  depending upon the  number o f  chemical  
c o n s t i t u e n t s ,  t h e i r  thermodynamic s t a b i l i t i e s ,  and t h e i r  r e l a t i v e  
concen t ra t i ons .  

To i l l u s t r a t e  the  e f f e c t  of e r r o r s  i n  t h e  data on coa l  combust ion 
c a l c u l a t i o n s ,  l e t  us examine the  s e n s i t i v i t y  o f  t h e  r e s u l t s  t o  the  f r e e  
energy of Na2S04. F i g u r e  3 shows t h e  p r e d i c t e d  d i s t r i b u t i o n  o f  
t he  sodium c o n t a i n i n g  spec ies  i n  t h e  gas phase i f  the  f r e e  energy o f  
Na2s04 i s  reduced by 1 pe rcen t  ( i . 2  k c a l  ). 
curves e x h i b i t  t he  same q u a l i t a t i v e  behav io r  as those on F i g u r e  1. 
f a c t ,  except  f o r  t he  Na2s04 curve, a l l  s e c i e s  were v i r t u a l l y  
una f fec ted  by the  f r e e  energy change. Tge abso lu te  amount o f  
Na2s04 i s ,  o f  course, reduced. 

The magnitude o f  t he  change i s  b e t t e r  i l l u s t r a t e d  i n  F i g u r e  4, where the  
e f f e c t  o f  v a r y i n g  t h e  f r e e  energy by 1 and 5 pe rcen t  i s  shown. I n  t h i s  
i l l u s t r a t i o n  the  s i t u a t i o n  appears t o  be bu f fe red ,  and a d r a s t i c  
rearrangement of  t h e  r e l a t i v e  p r o p o r t i o n s  o f  a l l  spec ies  does no t  r e s u l t  
if t h e  s t a b i l i t y  o f  j u s t  one species i s  mod i f ied .  However, i f  one i s  

It i s  seen t h a t  a1 1 
I n  
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( 1 5 ) .  Data f o r  t he  r e s t  o f  the  m ine ra l s  were taken froin the  
work o f  Robie, Hemingway, Schafer,  and H a a s ( l 7 ) .  The c a l c u l a t e d  gas 
phase compos i t i on  i s  g i ven  i n  F i g u r e  5, t o  be compared w i t h  t h a t  shown 
i n  F i g u r e  1. 
and as a whole, t h e  spec ies  concen t ra t i ons  were a l l  reduced by one t o  
two o rde rs  o f  magnitude. 
phases, as seen i n  F i g u r e  6. 
condensed phase, Na SO 
between 1000 and 12$0 2, t h e  sfab?e-condensed phases were Si02, 
p y r o p h y l l  i t e ,  and a1 b i  t e .  A t  temperatures g r e a t e r  than 1220 K, t h e  
stable-condensed phases were s i l i c a ,  a l b i t e ,  and m u l l i t e .  Thus, t h e  r e s u l t s  o f  
complex e q u i l i b r i u m  c a l c u l a t i o n s  can be s i g n i f i c a n t l y  a l t e r e d  by t h e  choice o f  
species.  Cau t ion  must be used when making t h e  s e l e c t i o n ,  and k i n e t i c  f a c t o r s  
and exe r imen ta l  i n f o r m a t i o n  shou ld  be c a r e f u l l y  eva lua ted .  

It i s  seen t h a t  t h e r e  i s  a ma jor  rearrangement o f  species,  

Ma jor  changes a l s o  occured w i t h  t h e  condensed 

A t  temperatures 
Whi le  S i02  remained as t h e  p r imary  

and Na S i  05 were n o t  s t a b l e .  

1 Condensed Phase S o l u t i o n s  

Prev ious  c a l c u l a t i o n s  p e r t a i n i n g  t o  coa l  combust ion have n o t  a l l owed  f o r  
t he  f o r m a t i o n  o f  condensed phase s o l u t i o n s .  S o l u t i o n s  w i l l  obv ious l y  
form when l i q u i d  s i l i c a ,  a l k a l i  s i l i c a t e s ,  and s u l f d t e s  a re  present .  I 

1 

I 
s o l u t i o n  w i l l  r e s u l t ( l 8 ) .  L e t  us now ex tend t h e  b a s e l i n e  c a l c u l a t i o n s  
on F igu res  1 and 2 t o  i n c l u d e  s o l u t i o n  fo rma t ion .  Fo r  l a c k  o f  b e t t e r  
i n fo rma t ion ,  we w i l l  assume i d e a l  s o l u t i o n  behav io r .  The 
sod ium-conta in ing  gas spec ies  formed i n  t h i s  case a re  shown i n  F i g u r e  7. 
I t  i s  seen t h a t  t h e  NaCl c o n c e n t r a t i o n  i s  n o t  a f f e c t e d ,  b u t  n o t i c e a b l e  
changes i n  t h e  behav io r  of  NaOH, Na, and Na2SO4 i s  seen. 
t h e i r  c o n c e n t r a t i o n s  m a i n t a i n  t h e  same q u a l i t a t i v e  behav io r ,  they  a l l  
fo rm i n  l e s s e r  amounts. 
s o l u t i o n  f o r m a t i o n  i s  seen in F i g u r e  8, where t h e  r a t i o  o f  
c o n c e n t r a t i o n  w i t h o u t  s o l u t i o n  fo rma t ion  t o  t h a t  where no s o l u t i o n  i s  
formed i s  shown. 

The r e s u l t s  on F i g u r e  2 show t h a t  s i l i c a  and sodium d i s i l i c a t e  form, and 
the  phase diagrdm i n f o r m a t i o n  i n  t h e  l i t e r a t u r e  c l e a r l y  suggest a 

Whi le  

Another way o f  r e p r e s e n t i n g  the  e f f e c t s  o f  

I 

SUMMARY 

Complex e q u i l i b r i u m  c a l c u l a t i o n s  may be  a very  u s e f u l  t o o l  i n  t h e  s tudy  
o f  m ine ra l  m a t t e r  e v o l u t i o n  i n  a coa l  combustor. K i n e t i c  c o n s t r a i n t s  
must be a p p l i e d  b u t  may be done w i t h i n  t h e  c o n t e x t  o f  e q u i l i b r i u m  
ca lcu la tons ;  k i n e t i c  c o n s i d e r a t i o n s  may be used t o  d e f i n e  a more 
r e a l i s t i c  chemis t r y  f o r  t h e  system. 
an approximate r e p r e s e n t a t i o n  o f  t h e  r e a l  s i t u a t i o n  s ince  n o t  a l l  
p o s s i b l e  chemical  spec ies  can be cons idered i n  a c a l c u l a t i o n  and the  
thermodynamic da ta  f o r  many spec ies  a r e  u n c e r t a i n .  I n  o rde r  t o  u t i l i z e  
t h e  r e s u l t s  o f  complex c a l c u l a t i o n s ,  one must unders tand t h e  caveats and 
u n c e r t a i n t i e s  c r e a t e d  by these problems. 

I t  has been shown t h a t  t h e  q u a l i t a t i v e  behav io r  o f  chemical  spec ies  i s  
f a i r l y  i n s e n s i t i v e  t o  e r r o r s  i n  t h e  thermochemical data.  
concen t ra t i ons  o f  t he  spec ies  can change by o rde rs  o f  magnitude i f  the  f r e e  

E q u i l i b r i u m  c a l c u l a t i o n s  a r e  o n l y  

, 

However, t h e  absolute 



concerned w i t h  abso lu te  concen t ra t i ons ,  g r e a t  care  must be taken t o  use 
accura te  thermochemical data. A r e l a t i v e l y  smal l  e r r o r  o f  1 k c a l  w i l l  

magnitude i s  r e a l i z e d  i f  a 5 kca l  e r r o r  i n  assumed. I f  t h e  i n t e r e s t  i s  
i n  observ ing  changes t h a t  occur as parameters a r e  v a r i e d  (i .e., t h e  
movement of  phase boundar ies) ,  t h e r e  i s  a smal l  e r  s e n s i t i v i t y  t o  
e r r o r s  i n  the  data.  

E r r o r s  i n  data can a l s o  r e s u l t  f rom t h e  m i s r e p r e s e n t a t i o n  o f  t he  data i n  
t h e  computer programs. Codes are  g e n e r a l l y  c o n s t r u c t e d  t o  be of  gener ic  
use, and thus, a genera l i zed  approach t o  r e p r e s e n t i n g  t h e  da ta  i s  used. 
Fo r  example, t he  NASA CEC code(4)  and the  Sandia c o d e ( l 2 )  use 
mu1 t i p l e - o r d e r  po lynomia l  f i t s  over  two-temperature ranges t o  rep resen t  
t h e  data. When d e a l i n g  w i t h  complex condensed-phase m ix tu res ,  t h e  f r e e  
energ ies  must be equal a t  t r a n s i t i o n  temperatures.  F a i l u r e  t o  cons ide r  
t h i s  c o n s t r a i n t  w i l l  r e s u l t  i n  an obvious e r r o r ,  such as a phase 
p r e d i c t e d  t o  be p resen t  under c o n d i t i o n s  c l e a r l y  o u t  o f  i t s  s t a b i l i t y  
range (e.g., a s o l i d  phase p r e d i c t e d  a t  temperatures above the  m e l t i n g  
p o i n t ) .  

1 change t h e  concen t ra t i on  by a f a c t o r  o f  two, and il change o f  two o rde rs  o f  

Species Conside.red i n  t h e  C a l c u l a t i o n  

Complex e q u i l i b r i u m  c a l c u l a t i o n s  a re  u s u a l l y  conducted w i t h  o n l y  a f e w  
spec ies  f o r  severa l  reasons. F i r s t  and foremost,  t h e r e  a r e  n o t  many 
accura te  s e l f - c o n s i s t e n t  data.  Also,  c a l c u l a t i o n s  can become very  t ime  
consuming, and t h e  p o s s i b i l i t y  o f  poor convergence behav io r  inc reases  

minor amounts( l4) .  

When a p p l y i n g  e q u i l i b r i u m  c a l c u l a t i o n s  t o  t h e  study o f  m ine ra l  ma t te r  
behav io r ,  one s e l e c t s  o n l y  a few spec ies  t o  cons ide r  by making 

, .  assumptions concern ing  t h e  r e a c t i v e  chemis t r y  o f  t h e  system. Fo r  
example, aluminum i s  o f t e n  found i n  coa l  b u t  i s  u s u a l l y  n o t  cons idered 
i n  t h e  c a l c u l a t i o n s  because i t  i s  assumed t o  be p resen t  i n  k i n e t i c a l l y  
and thermodynamical ly i n e r t  forms, such as a l u m i n o - s i l i c a t e s .  I f ,  
however, A1 i s  cons idered i n  the  c a l c u l a t i o n ,  a s i g n i f i c a n t  change i n  
t h e  c a l c u l a t e d  r e s u l t s  c o u l d  occur.  

To i l l u s t r a t e  the  p o i n t ,  l e t  us repea t  t h e  e q u i l i b r i u m  c a l c u l a t i o n s  o f  
F igu res  1 and 2, t h i s  t ime  a l l o w i n g  t h e  f o l l o w i n g  aluminum-containing 
spec ies  t o  form: 

gas phase: 

s o l i d  phase: Al203, A1 S i 2 0 3 ( m u l l i t e ) ,  

1, w i t h  the  number o f  species,  e s p e c i a l l y  i f  many spec ies  a r e  p resen t  i n  

I 

A I ,  A10, A120, A l O H ,  A12C16 

A12Si29HqPkao l in i te ) ,  NaAlSi206 NaA1 j a e d i t e ) ,  . 
A1 Si ,+012H2(pyrophyl l  i t e ) ,  A12Si05( kyan i  t e ) ,  

\ N a i l  S130g(al b i  t e )  

Fo r  o u r  c a l c u l a t i o n s ,  t h e  thermochemical da ta  f o r  A l ,  A10, A120, 
A l O H ,  A12Cl6, Al203, m u l l i t e ,  and NaA102 were taken f rom JANAF 



energy o f  f o rma t ion  i s  v a r i e d  by J u s t  a few pe rcen t .  
t h e  fo rma t ion  o f  condensed phase s o l u t i o n s  w i l l  a l s o  change the  abso lu te  
concen t ra t i ons  s u b s t a n t i a l l y ;  however, t h e  q u a l i t a t i v e  behav io r  i s  riot 
a f f e c t e d  as much. 
o f  p roduc t  spec ies  can be s t r o n g l y  i n f l u e n c e d  by t h e  s e l e c t i o n  o f  species 
t o  be cons idered i n  t h e  c a l c u l a t i o n .  

F a i l u r e  t o  account fo r  

The q u a l i t a t i v e  and q u a n t i t a t i v e  behav io r  
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1 TABLE I 
Chemical a n a l y s i s  o f  Pennsy lvan ia  #2 seam semian th rac i te  coa l  
(PSOC #627, p rov ided  by Pennsy lvan ia  S t a t e  coa l  da ta  base) 

Elemental  Anal s i s  (dry) 
77.08% %on 

2.61 hydrogen 

.52 o rgan ic  s u l f u r  

.39 oxygen 

.01 c h l o r i n e  
18.67 m ine ra l  m a t t e r  

I 1  .73 n i t r o g e n  

I 

\ 

- A n a l y s i s  o f  HTA d ry  coa l  
68. 5O%-siO2 
22.80 A1 03 

2.93 T i 6 2  
2.55 Fe 03 

.31 Mg6 

.33 CaO 

.16 Na20 

.06 P 05 
1.66 K20 

.25 d3 

TABLE I 1  
Chemical Species Considered i n  Complex E q u i l i b r i u m  C a l c u l a t i o n s  

Gaseous CO C02 C1 C1 C10 H H20 HC1 H2S 
Species Na Fla2 NaCl 6azC12 NaH H$aOH NazS04 

0 02 OH S S2 SO SO2 SO3 S i 0  Si02 S i S  1 

Condensed C NaCl NaOH Na20 Na2S 
Species Na2S04 Na2Si03 Na2Si205 S i02  S i c  S i  
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COMPARISON OF INORGANICS I N  THREE LOW-RANK COALS 

S .  A .  Benson 

Grand Forks  Energy Technology Center  
U.S. Department of Energy 

Grand Forks ,  N . D .  58202 

P. L .  Holm 

U n i v e r s i t y  of  Minnesota 
Crookston, MN 56716 

INTRODUCTION 

I n  t h e  use  of  low-rank c o a l s  it has been found t h a t  i n o r g a n i c  m a t e r i a l s  present  
i n  these  c o a l s  can have adverse  e f f e c t s  on process  performance. During combustion 
processes  some i n o r g a n i c s  a r e  l i b e r a t e d  and r e a c t  w i t h  o t h e r  i n o r g a n i c s  caus ing  com- 
bus tor  f o u l i n g  problems (1). The unique c h a r a c t e r i s t i c s  of t h e  f l y a s h  produced upon 
combustion, f r e q u e n t l y ,  i f  c o n c e n t r a t i o n s  of sodium and s u l f u r  a r e  low, produces a 
h igh  r e s i s i t i v i t y  a s h  making it d i f f i c u l t  t o  c o l l e c t  i n  an  e l e c t r o s t a t i c  p r e c i p i t a -  
t o r  ( 2 ) .  I n  f l u i d i z e d  bed combustion, t h e  i n o r g a n i c s  of some low-rank coa ls  can be 
used f o r  s u l f u r  r e t e n t i o h  (3) b u t  bed agglomerat ion i s  a problem w i t h  h igh  concen- 
t r a t i o n s  of  sodium (4) .  I n  c o a l  conversion p r o c e s s e s  t h e  i n o r g a n i c  m a t e r i a l  can 
s e r v e  e i t h e r  a s  c a t a l y s t s  o r  c a t a l y s t  po isons .  

The occurrence  of i n o r g a n i c  m a t e r i a l s  i n  low-rank c o a l s  i s  very  complex. They 
a r e  p r e s e n t  a s  d i s c r e t e  m i n e r a l  p h a s e s ,  a s  i o n s  he ld  by i o n  p a i r  bonding w i t h  car-  
boxyl groups o r  c l a y s ,  and a s  coord ina ted  meta l  i o n s .  Knowledge of the  d i s t r i b u t i o n  
of inorganics  w i t h i n  t h e  c o a l  could  be used t o  p r e d i c t  e f f e c t s  i n  a g iven  process .  

We have chosen t o  compare t h e  way i n  which i n o r g a n i c  m a t e r i a l  i s  found i n  t h r e e  
c o a l s .  These c o a l s  a r e  two l i g n i t e s  from t h e  Beulah mine, North Dakota, and the  
Bryan Mine, Texas and one subbi tuminous c o a l  from t h e  Rosebud mine, Montana. 

1 

EXPERIMENTAL 

The c o a l s  were t r e a t e d  u s i n g  a method modif ied from t h e  procedure repor ted  by 
Miller and Given ( 5 ) .  F i g u r e  1 shows a f low s h e e t  of  t h e  procedure used t o  examine 
t h e  var ious  c o a l s .  Each c o a l  was ground t o  approximately 400 mesh i n  an alumina 
g r i n d i n g  a p p a r a t u s .  The ground c o a l  was d r i e d  us ing  a f r e e z e  d r i e r .  Analys is  of 
t h e  d r i e d  c o a l  was performed u s i n g  x-ray f luorescence  (XRF) and neut ron  a c t i v a t i o n  
a n a l y s i s  (NAA). Dupl ica te  samples were run by p l a c i n g  15-20 g of coa l  i n  a p l a s t i c  
beaker  with 100 m l  of 1M ammonium a c e t a t e .  This  was hea ted  t o  about  7OoC and st irr-  
ed f o r  20 hours .  The sample was f i l t e r e d ,  t h e  r e s i d u e  washed and d r i e d .  The solu-  
t i o n  was t r a n s f e r r e d  t o  a 500 m l  vo lumetr ic  f l a s k  and made up t o  volume. 

The s o l u t i o n  was analyzed by i n d u c t i v e l y  coupled argon plasma spectroscopy 
(ICAP). 
ed a second t ime w i t h  ammonium a c e t a t e  fol lowed by two 1M hydrochlor ic  a c i d  ex t rac-  
t i o n s  using t h e  same procedure  a s  ammonium a c e t a t e  e x t r a c t i o n .  

Samples of t h e  r e s i d u e  were analyzed by XRF and NAA. The res idue  was t r e a t -  
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XlZF analyses were performed using the energy-dispersive Kevex* 0700 subsystem. 
ICAP analysis were obtained using a Jarrell-Ash Mark I Model 975;': multi-element an- 
alyzer. Analysis is controlled by a computer using a program for  22 elements. 
Neutron activation analysis used in this study was performed at North Carolina State 
University. The system and procedures have been described elsewhere ( 6 ) .  

RESULTS: 

The table following shows the initial analysis of the three coals under consid- 
eration. 

TABLE I 

INITIAL ANALYSIS OF COALS, PARTS PER MILLION 
- . .  

Rosebud 
Beulah Bryan Montana 

Analysis N.D. Lignite Texas Lignite Sub-bituminous 

A1 
Ba 
Ca 
Cr 
cu 
Fe 
K 
Mg 
Mn 
Na 
Ni 
Sr 
Ti 

3940 
630 

12800 
3 

22 
5000 

930 
2490 

5 8  
4340 

22 
485 
185 

12360 
190 

7130 
21  
24 

20950 
1970 
2000 

300 
310 

40 
80 

1410 

3370 
190 

3520 
4 

30 
8450 

120 
920 

35 
81 
52 
90 

280 

Ash 9.5% 24.5% 4.9% 

These are followed by the anaylses obtained after the samples had been extrac- 
ted twice with ammonium acetate. Table I1 shows the amount extracted from the orig- 
inal coal and the percent of the original. 

Table I11 contains the results of the samples which have been extracted twice 
The amount extracted and the percent of the original coal are by hydrochloric acid. 

given. 

DISCUSSION 

Examination of the initial analysis reveals the dramatic differences in the 
amounts of inorganic material between the three coals. Aluminum, iron, potassium, 
and titanium are very high in the Bryan coal compared to the values for the Beulah 
and Rosebud coals. In general, the Bryan has a much high inorganic content which 

"Reference to specific brand names does not imply endorsement by the U.S. Department 
of Energy. 
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TABLE I1 

ANALYSIS OF COALS AFTER EXTRACTION WITH AMMONIUM ACETATE 

Beulah Bryan Rosebud 
PPM % PPM % PPM % 

Analysis  E x t r a c t e d  E x t r a c t e d  Ext rac ted  E x t r a c t e d  Ext rac ted  Extracted 

A 1  
Ba 
Ca 
Cr 
cu  
Fe 
K 

Mn 
Na 
N i  

Mg 

Sr 
T i  

Ash remaining 

239 38 
9728 76 

186 20 
2241 90 

17 30 
3645 84 

422 87 

4.9 

53 
442 

3 

177 
1880 

129 
232 

65 

28 57 
62 2003 
14 

9 2 
9 4  598 
43 7 
75 70 

8 1  22 

23.8 

( 1  
30 
56 

( 1  
2 

65 
20 
8 1  

90 

3.8 

TABLE I11 

ANALYSIS OF COALS AFTER EXTRACTION WITH HYDROCHLORIC A C I D  

Beulah Bryan Rosebud 
PPM % PPM x PPM x 

Analysis  Ext rac ted  E x t r a c t e d  Ext rac ted  E x t r a c t e d  Ext rac ted  Ext rac ted  

A 1  
Ba 
Ca 
C r  
cu 
Fe 
K 

Mn 
Na 
N i  
Sr 
T i  

Mg 

Ash remaining 

2750 70 
378 60 

2688 2 1  
1.5 5 1  

2 1  90 
1950 39 

100 4 
40 70 
43 1 

6 27 
63 13 
22 12 

1 .2  

2719 
104 

1283 
9 

10 
14246 

157 
120 
153 

9 
2 1  
15 

409 

22 
55 
18 
4 1  
76 
68 

8 
6 

5 1  
3 

52 
19 
29 

22.6 

1213 36 
116 6 1  

1408 40 
1.5 37 
5 18 

5154 6 1  
24 20 

257 28 
24 70 
10 12 

3 5 
56 6 3  

154 55 

2.8 
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can also be seen by referring to the ash content listed in Table I. Further note 
should be taken of the high sodium content for the Beulah coal and related combus- 
tion problems (1). 

The ammonium acetate extraction removes those inorganics associated as ions 
held by ion pair bonds to the carboxyl groups or to the clay minerals. The result 
of this extraction procedure is summarized in Table 2. For Beulah lignite most of 
the Ca, Na, Mg and Sr are bound to the carboxyl groups or possibly with the clays. 
The Bryan and Rosebud coals show similar trends for Ca, Na, and Sr. On the other 
hand, the Mg in Rosebud indicates a different association in the coal. 

The hydrochloric acid extractions remove those species present in the coals as 
oxides, carbonate minerals, and coordinated metal ions. Larger discrepancies were 
noted between the coals extracted with HC1 than ammonium acetate extracted. The 
fact that 70% of the A1 is removed from Beulah is possibly explained by it being 
removed from the clay materials (7) but this is not well understood. Of particular 
interest is the removal of Ca, Mg and Sr in the Rosebud, which suggest that these 
elements were present as carbonate minerals. This relationship has also been sug- 
gested by Finkelman (8). The Fe is present in the coals as possibly a carbonate 
(siderite), oxide, and pyrite. 

The changes in percent ash determined in the coal, after the ammonium acetate 
and HC1 extractions reveal large changes in the amount of ash in Beulah and Rosebud. 
The total amount of inorganics removed by the ammonium acetate of the Beulah is 
approximately 48%. The percentage of ash removed for Rosebud was approximately 22% 
with ammonium acetate. The Bryan lignite has only 3% of its ash associated with the 
ion exchangeable fraction. The major inorganic constituents remaining in the coals 
after both extractions consist of quartz, clays and pyrite. 

CONCLUSIONS 

The alkaline and alkaline earth metals in all three coals are partially or 
The major differences between the totally removed with ammonium acetate extraction. 

coals are: 

1. 48% of the total inorganics of the Beulah are removed with ammonium ace- 
tate by far the highest of 3 coals. 

Bryan Texas lignite consists of mostly extraneous mineral matter including 
clays and quartz minerals (9) .  

2 .  

3 .  The Rosebud subbituminous has higher percentages of Mg, Ca, and Sr asso- 
ciated as carbonates, revealed in the HC1 extractions. 
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Thermodynamics of Coal Chars: Cor re l a t ion  of H e a t  
Capacity with Composition and Pyrolysis  Conditions 

Les l i e  L. Isaacs  
E l l i o t  F i she r  
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The C i t y  College of CUNY 

140th S t r e e t  and Convent Avenue 
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In t roduct ion  -_-_-_- 
Heat capac i ty  da t a  f o r  a char  can be used t o  z a l c u l a t e  t h e  

v a r i a t i o n  of the thermodynamic p rope r t i e s ,  H, S, G, e t c .  w i t h  
temperature. Fac tors  which a f f e c t  t h e  hea t  capac i ty  are:  

o the rank and inorganic  mat te r  conten t  of t h e  parent  coal ;  
o the gaseous atmosphere p re sen t  during pyrolysis ;  
o the  thermal h i s t o r y  o f  t h e  char.  

Thermal h i s t o r y  f o r  a char  is  determined by: 

o the  py ro lys i s  temperature;  
o the r a t e  a t  which the  c o a l  temperature i s  r a i sed  from 

o the  res idence  t i m e  of t h e  char  a t  t he  py ro lys i s  
t he  ambient t o  t h e  py ro lys i s  temperature; 

temperature. 

The thermodynamic l i t e r a t u r e  (1-5) f o r  chars  u sua l ly  covers 
only l imi t ed  temperature ranges and the thermal h i s t o r i e s  and 
cornpositions of the char  samples a r e  i l l -de f ined  o r  unavailable.  
m e  a d d i t i v i t y  approach (6 .7)  i s  usua l ly  employed t o  c o r r e l a t e  
t h e  h e a t  c a p a c i t i e s  i n  terms of cha r  cons t i t uen t s ;  organic mat ter ,  
ash and moisture. 

I 

I n  t he  t h e s i s  work of waag (8) the e f f e c t  and r e l a t i v e  impor- 
tance of t h e  f a c t o r s  l i s t e d  was assessed  using a se l ec t ed  s e t  of I 

chars.  Experimental da t a  w a s  co l l ec t ed  between 80°K and 303OK. 
I t  w3.s found t h a t  t he  3 e a t  c a p a c i t i e s  could be c o r r e l a t e d  with 
compositions and pyro lys i s  temperatures using a modified form of 
t h e  Debye mod21 f o r  h e a t  c a p a c i t i e s  ( 9 ) .  The c o r r e l a t i o n  i s  i n  
t h e  form of an express ion  f o r  a n  e f f e c t i v e  Debye temperature, €I (Tr) :  

I 
I 

B ( T r )  = e 0 ( T r )  e x p [ I ( T r ) / x ( l - x ) ]  1) I 

where T r  i s  a reduced temperature defined as:  
T r  = T ( K )  /Tpyro lys is  (K) 

1-x = t h e  atomic f r a c t i o n  of carbon i n  the  ash 
f r e e  dry char.  
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e 0 ( T r )  = a Dsbye temperature a t  T r  f o r  a hypo the t i ca l  cha r  

I ( T r )  = an i n t e r a c t i o n  parameter between t h e  carbon atoms 

containing carbon a t o m  only. 

and the "other"  a t o m  i n  the  char.  

0 and I were found by empir ical  f i t t i n g  of the da t a  f o r  each 
fzmily of chars .  
from the same coa l  with one hour res idence t i m e .  

A char  family c o n s i s t s  of a l l  t he  cha r s  prepared 

Our present  ob jec t ive  is  to: 

0 T e s t  the  l i m i t s  of a p p l i c a b i l i t y  of Equation 1 a s  an 
ex t r apo la t ing  funct ion t o  c a l c u l a t e  hea t  c a p a c i t i e s  
of chars:  

o To r e f i n e  the c o r r e l a t i o n  model: 
0 To f a c t o r  i n t o  the c o r r e l a t i n g  the  e f f e c t  of residence 

time a t  py ro lys i s  temperature. 

- ExIerimental Technique 

Tie s u i t e  of samples from Wang's work was used f o r  h e a t  capa- 
The da ta  w e r e  obtained c i t y  measurements between 3OO0K and 9OOoK. 

using the d i f f e r e n t i a l  scanning calor imetry (DSC) technique. 
Instrumentation consis ted of a Dupont model910 scanning ca lo r ime te r  
and a Dipont mods1 1090 thermal analyzer  system. Sanple h e a t  capa- 
c i t i es  w e r e  c a l cu la t ed  using t h e  measured hea t  capac i ty  of Sapphire 
a s  a standard f o r  coxparison. 

\ 

R e  su 1 t s -- 
Typical experimental  information obtained i s  i l l u s t r a t e d  i n  

t h e  following f igures .  

E f fec t  of  Pyrolysis  Temperature_ -_- 
I n  Figure 1 w e  show DSC scans f o r  two cha r s  prepared f r o s  

demineralized Virginia  Coal (PSOC-265). The r e s u l t s  show t h a t  t h e  
h e a t  capac i ty  of t he  chars  increase with temperature between 300K 
and 900K. 
capaci ty  a t  any given temperature (over the range) than the 700°C 
char.  For q u a n t i t a t i v e  comparison t h e  h e a t  c a p a c i t i e s  need t o  be 
normalized. The normalizing procedure is  a r b i t r a r y .  w e  have 
e l e c t e d  to normalize a l l  our d a t a  t o  the  number of  atorns i n  the  
ash f r e e  char.  

Also the char  prepared a t  llOO°C has a higher  h e a t  

E f f e c t  of Residence T i m e  -_--- ---- -- 
I n  Figure 2 w e  show DSC scans f o r  cha r s  prepared from 

demineralized Virginia  c o a l  a t  l l O O ° C  py ro lys i s  temperature. 
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The cha r s  d i f f e r  i n  t h e i r  thermal h i s t o r y  by the length of t h e i r  
res idence time a t  py ro lys i s  temperature. The normalized h e a t  
c a p a c i t i e s  a t  a given temperature vary i n  magnitude with the 
residence time. 

A minimum i n  h e a t  capac i ty  i s  seen t o  occur i f  the da t a  i s  
r ep lo t t ed  a s  h e a t  capac i ty  versus  residence t i m e .  Froin t h e  present 
data t h e  minimum i s  aroJnd two hours res idence t i m e .  O u r  i n t e r -  
p r e t a t i o n  of t h i s  phenomenon is  t h a t  two sepa ra t e  events  a re  being 
observed. One i s  the  e q u i l i b r a t i o n  of the  chemical composition a t  
l l O O ° C  Sy breakage of C-H bonds. 
bonds i n  t h e  char  t h e  s n a l l e r  i s  i ts  h e a t  capaci ty .  Tne second 
i s  t h e  approach of  the cha r  t o  s t r u c t u r a l  equi l ibr ium by s o l i d  
s t a t e  d i f fus ion .  Tne c h a r  i s  g raph i t i z ing  with an apparent 
increase i n  hea t  capac i ty .  

The smaller  t h e  number of sach 

Ef fec t  of Retained Inorganic Matter 

I n  Figure 3 t h e  DSC scans of  chars  prepared a t  7OO0C with 
one hour res idence t i m e  are compared. Both of t hese  cha r s  were 
prepared from Vi rg in i a  coa l .  However, i n  one case the  c o a l  was 
demineralized using the a c i d  wash procedure p r i o r  t o  pyrolysis .  
On a p e r  gram sample b a s i s  the h e a t  capac i ty  of t h e  mineral  
mat ter  c sn ta in ing  c h a r  i s  about 40 t o  80% higher  than the  demin- 
e r a l i z e d  char.  The inorganic  mat ter  h e a t  capac i ty  i s  add i t ive  t o  
the  organic mat ter  h e a t  capaci ty .  

Conclusions -- 
A t  t h e  t i m e  of p repa ra t ion  of t h i s  prel iminary paper 

(December 1982) the c a l c u l a t i o n  f o r  t e s t i n g  and r e f i n i n g  t h e  
c o r r e l a t i o n  model have not been conpleted.  W e  expect t o  be ab le  
t o  present  them a t  t h e  meeting. 
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Figure 1. DSC Scans on Virginia Chars. (One hr.  residence 
time - demineralized). 
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Figure 2. DSC Scans on Virginia chars. (llOOoc Demineralized) 
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Figure 3. DSC Scans on Virginia chars. (70Ooc - One hour 
residence time) 
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